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The Effects of Insulin and Potassium on Infarcting Canine Tissue:
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JOSEPH REISER , PhD
Philadelphia. Pennsylvania
The electrophysiologic effects of insulin (40 mU/ml) and
elevated potassium (4 to 6 mM) on glucose-superfused
normal and infarcting tissue from 24 hour coronary ar-
tery ligated canine myocardium were studied. With stan-
dard intracellular microelectrode techniques, it was ob-
served that insulin infusion for 30 minutes produced an
increase in resting membrane potential and a prolon-
gation of action potential duration. In the normal myo-
cardium, the hyperpolarization and the repolarization
delay were minimal, but in infarcting tissue with de-
pressed electrophysiologic function, resting membrane
potential and action potential duration were significantly
improved. This was particularly evident in the presence
Since early reports (1,2) claiming beneficial effects of glu-
cose-insulin-potassium infusion, numerous experimental and
clinical studie s have been undertaken to define the effect s
of this therapeutic modality . Early clinical studies showed
that this regimen reduced ST segment elevation (1), im-
proved survival (3,4), and had antiarrhythmic properties in
experimental animals (5,6) but not in human beings (7).
Subsequent reports (8-11) , however, failed to confirm re-
duced mortality . Although both clinical (}) and experimen-
tal (12) studies showed a reduction in ST segment elevation,
it remained controversial whether infarct size was ultimately
reduced (12,13) .
Recently, a randomized clinical trial (13) demonstrated
reduction in hospital mortality in patients with acute myo-
cardial infarction receiving glucose-insulin-potassium ther-
apy, and in subsequent studies (14), glucose-insulin-potas-
sium infusion was shown to reduce infarct size and improve
left ventricular function . Encouraged by these more recent
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of an increased potassium concentration (6 mM) when
insulin hyperpolarized infarcting cells (n = 8) from 73
± 6 to 85 ± 7 mV (p < 0.01). In the same studies,
action potential amplitudes were increased from 75 ±
7 to 95 ± 11 mV (p < 0.01). In addition, action potential
durations at 40 and 80% repolarization were extended
from 64 ± 25 and 141 ± 46 ms to 132 ± 34 and 198
± 27 ms, respectively (p < 0.01). Thus, these data are
in accord with the reduced ST segment elevation ob-
served in patients treated with glucose-insulin-potas-
sium and support the use of this intervention in the
management of acute infarction.
findings, we studied the in vitro electrophysiologic effects
of glucose-insulin-potassium in infarcting tissue .
Methods
Surgical procedures. Adult mongrel dogs of either sex
weighing 10 to 20 kg were anesthetized with sodium pen-
tobarbital (25 mg/kg body weight intravenously) . Respira -
tion was maintained by a Harvard respirator (model 607)
attached to a cuffed endotracheal tube. The heart was ex-
posed by means of a left lateral thoracotomy in the fifth
intercostal space and the heart was subsequently suspended
in a pericardial cradle . Cardiac rhythm and hemodynamic
function were monitored on a Honeywell cardiac catheter-
ization system.
Acute myocardial infarction 11/as induced in thefollowing
manner: the left anterior descending coronary artery was
dissected distal to the first diagonal branch between its mid-
dle and lower third portion. A two step ligation was per-
formed . Subsequently, 1.2 mU of penicillin , as a suspen-
sion, was top ically applied to the thoraci c viscera; the chest
was then closed . The dog was mildly sedated and given
analgesia. Twenty-one to 26 hours after ligation, the animal
was again anesthetized and the heart exposed. The areas of
myocardial ischemia or infarction, as evidenced by discol-
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oration, were visually noted and the heart was excised and
rapidly immersed in cold (5 to lOOC) Tyrode.'s solution.
Tissue superfusion. Strips of epicardial tissue 2 to 3
mm thick, traversing the visual infarct boundary, were re-
moved and pinned to the bottom of a 35 ml plexiglass tissue
chamber. The tissue was then superfused at a rate of 6 ml/
min with Tyrode's solution at 37.5 ± OSc. The com-
position of the Tyrode's solution was sodium chloride, 137
mM ; sodium bicarbonate, 20 mM ; dextrose, 5.5 mM; po-
tassium chloride, 4.0 mM; calcium chloride, 1.8 mM; so-
dium dihydrogen phosphate , 0.9 mM; and magnesium chlo-
ride, 0.5 mM. When oxygenated with 95% oxygen and 5%
carbon dioxide, the pH of this solution was 7.4 ± 0.04.
Superfusion time course and cell selection. All prep-
arations were subjected to 2 hours of superfusion before
insulin was added. Although it has been reported (15) that
the action potential configuration of infarcting tissue remains
stable after removal of the intact heart, we considered such
a period of superfusion necessary to reduce the likelihood
of spontaneous recovery resulting from reintroduction of
adequate flow. In each preparation we monitored cells in
the presumed normal and ischemic areas, the latter initially
defined by color changes . If no normal-appearing cells were
observed, the tissue was discarded. We then performed mul-
tiple impalements to characterize the electrophysiologic re-
sponses of the ischemic area. We arbitrarily selected a cell,
monitored the cell for approximately 2 hours and noted any
changes. The infarct area was scanned with multiple im-
palements and the responses noted in an attempt to assure
that significant changes had not occurred (not statistically
studied). In all cases, the infarct area persisted in showing
cell responses characteristic of ischemic changes (15). Once
electrophysiologic monitoring had established that the tissue
preparation was stable, purified crystalline insulin (courtesy
of Eli Lilly Company) was infused at a concentration of 40
mU/ml. In some studies, we systematically mapped the
electrophysiologic responses before and after insulin
superfusion .
In these studies, multiple cell impalements were made
in which the visual boundary was used for separation of
ischemic and normal tissue (16). The tissue was then im-
paled every 0.5 to I mm along the extent of the epicardial
surface. Although this method for visual separation of isch-
emic and normal tissue has limitations, most cell responses
were predictable.
EIectrophysiologic measurements. The effects of in-
sulin were determined using electrophysiologic techniques
that have been described in detail elsewhere (17) . Briefly,
intracellular glass microelectrodes were pulled and filled
with 3 M potassium chloride (KCI) . Tip resistance was lO
to 30 MD. Transmembrane action potentials were obtained
by coupling the impaled microelectrodes to a high input
impedance, capacitance-neutralized amplifier. The tissue
was electrically stimulated with a digital stimulator (Bloom
Associates). Action potentials were displayed on a Tektronix
5000 series storage oscilloscope and recorded on Polaroid
film, a Honeywell visicorder and a Honeywell 96 analog
tape system.
Data reduction and statistical analysis. All data were
digitized using a Hewlett-Packard digitizer (model 9864A).
The results expressed are the means and standard deviations
for a number of determinations . Analysis of the statistical
significance of the differences between group means was
by Student's t test. A probability (p) value greater than 0.05
was not considered significant.
Results
Effect of insulin on normal and infarcting myocar-
dium superfused with glucose. Continuous impalement
studies. In the initial studies of the effects of insulin, si-
multaneous continuous microelectrode impalements were
made into normal and infarcting myocardial cells. After a
2 hour period of stabilization , insulin at a concentration of
40 mU/ml was infused and the electrophysiologic responses
were monitored. The results of these experiments revealed
that insulin infusion was associated with an improvement
in electrophysiologic function. An example of this effect is
illustrated in Figure 1. Before insulin treatment, the infarct-
ing cell was characterized by a reduced resting membrane
potential, a diminished action potential amplitude and a
shortened action potential duration. After the addition of
insulin, there was a progressive hyperpolarization and an
improvement in the amplitude and duration of the infarcting
cell action potential.
A summary of the results of several such studies is pre-
sented in Table 1. These data indicate that the resting mem-
brane potentials and the action potential durations in normal
and infarcting tissue were increased after 30 minutes of
insulin (40 mU/ml) infusion . The increase in action potential
duration at 40% repolarization was statistically significant
in both normal and infarcting tissue . At 80% repolarization,
the prolongation of the action potential duration was statis-
tically significant only in the infarcting tissue.
Multiple successive impalement studies. Similar im-
provements in electrophysiologic function were also ob-
served in subsequent studies employing a similar protocol,
but in which multiple successive impalements were made
across the visible edge of the infarction. The results of these
experiments are presented in Figures 2 and 3 in which each
point represents an experimental observation. From the scat-
ter of the points , it is evident that there is considerable
heterogeneity in the membrane variables . This was partic-
ularly the case in the infarct tissue in which progressively
more abnormal values were recorded as the measuring site
was moved closer to the infarct center.
Despite this variability. insulin-induced electrophysio-
logic improvements were apparent. For instance, in both
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experiments (Fig. 3) also revealed improved electrophysi-
ologic function after insulin infusion. In normal tissue, APD40
and APDso values were increased from 123 ± 21 and 178
± 31 ms to 147 ± 14 and 196 ± 22 ms, respectively; in
infarct tissue these values were increa sed from 46 ± 25
and 90 ± 37 ms to 101 ± 39 and 173 ± 45 ms , respec-
tively. Thus, insulin was not only beneficial in the less
severely compromised tissue selected for the continuous
impalement studies , but also produced a general improve-
ment in the overall electrophysiology of the infarcted area.
Effect of insulin plus potassium on normal and in-
farcting myocardium superfused with glucose. In addi-
tion to the investigation of the effects of insulin in tissue
superfused with glucose , studies were carried out to examine
the effect s of the complete glucose-insulin-potassium inter-
vention . For these studies, infarcting tissue that had been
stabilized for 2 hours was again subjected to superfusion
with insulin (40 mU/ml) for 30 minutes , but this time po-
tassium concentration was simultaneously increased from 4
to 6 roM (Table 2). Increased potassium in the absence of
insulin produced a slight but nonsignificant improvement in
the electrophysiologic variables of the infarcting tissue . In
contra st , insulin infusion in the presence of the higher po-
tassium concentration produced very significant (p < 0.00 I)
effects. At normal potassium concentrations, only action
potenti al duration was significantly increased , but in these
experiments, insulin improved all the membrane variables
measured .
o
o
o
CONTROL
15 MIN INSULIN
60 MIN INSULIN
Figure 1. Effects of insulinon the configuration of action poten-
tials simultaneously and continuously recorded in normal and in-
farcting epicardium. Experimental details are describedin the text.
normal and infarcted tissue, hyperpolarization occurred (Fig.
2). In normal tissue, the increase in resting membrane po-
tential (from 86 ± 6.6 to 88 ± 6.1 mY) was insignificant.
But, in infarcting tissue , a significant (p < 0.00 1) improve-
ment was observed. Resting membrane potentials in infarct
areas were increased from 74 ± 7.9 to 81 ± 8.4 mY , and
associated overshoot values were increased from - 7 ± 16
to +13 ± 15 mY . Action potential durati on measurements
at 40% (APD40 ) and 80% (APDso) repolarization in the same
Discussion
Insulin effect. In this report, the effects of glucose-in-
sulin-potassium infusion on the electrophysiologic compo-
nents of normal and infarcting tissue are described. The data
support a beneficial action of this intervention. Hyperpo-
larization and prolongation of repolarization were consist-
ently observed in the presence of insulin. In well polarized
normal tissue in which the action potential duration was
already prolonged , insulin-induced improvement tended to
be minimal (Fig . I , Table I). In contrast , in infarcting tissue
the abnormal electrophysiologic properties were signifi-
Table 1. Effect of Insulin in Normal and Infarcting Cells
n RMP (mV) APA (mV) APD40 (ms) APDxo (ms)
Normal tissue 12
Pre-insulin 86 ± 4.9 96 ± 9.6 117 ± 27 176 ± 36
Post-insulin 89 ± 4.1 98 ± 7.2 142 ± 28* 200 ± 28
Infarcting tissue 29
Pre-insulin 74 ± 8.7 67 ± 20 43 ± 20 9 1 ± 38
Post-insulin 78 ± 10 75 ± 27 70 ± 38* 124 ± 46t
Insulin (40 mUlml) was infused for 30 minutes .
*p < 0.05. tp < 0.01. statislJcal SIgnificance of the insulin-induced prolongation of action potential
APA = action potential ampl itude ; APD40 and APD,n = action potent ial duration at 40 and 80~ repolanzatron , n = number: RMP = resung membran e potential
Measurements were made from cont inuous Impalement studies (see text) .
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Figure 2. Resting membrane potential (RMP) (A)
and overshoot (B) changes recorded before and after
60 minutes of 40 mU/ml insulin infusion in normal
and infarcting cells from 12 dog hearts. Each point
is an experimental observation obtained during the
process of scanning the normal and infarct boundary
zones. The bars represent the mean and standard
deviations of the values. *p < 0.001. statistical
significance of the response to insulin.
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cantly improved after insulin addition, particularly in the
presence of a slightly elevated potassium concentration (Ta-
ble 2).
Mechanism of insulin-induced hyperpolarization.
Our studies are in general accord with the findings of a
number of other groups. For instance, in normal, stretched
and acidotic false tendons, insulin has been reported to
produce hyperpolarization without prolongation of action
potential duration (18). In anoxic papillary muscle, Prasad
et al. (19) observed a prolongation of action potential du-
ration without hyperpolarization after adding glucose and
insulin. In the former study (18), the insulin-induced hy-
perpolarization was attributed to an accelerated sodium-po-
tassium exchange, which has also been thought to occur in
other tissues (20,21). In the latter study (19), the prolon-
gation of action potential in the presence of insulin in tissue
entirely dependent on anaerobic metabolism was probably
an indirect effect of increased anaerobic adenosine triphos-
phate (ATP) production from glycolysis (22). In our studies
on infarcting tissue, in which both hyperpolarization and
prolongation of action potential duration were observed, it
is possible, therefore, that both mechanisms, pump acti-
vation and improved metabolic performance, were involved
in the effects.
Clinical implications. Of course, extrapolation of these
findings to the clinical situation must be made with caution.
It is tempting to claim that the insulin-induced hyperpolar-
ization and prolongation of action potential duration in in-
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Figure 3. Measurements of action potential duration
at 40% repolarization (APD4o) (A) and action potential
duration at 80% repolarization (APDso)(B) made in the
same experiments described in Figure 2. *p < 0.05,
statistical significance of change from control values.
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farcting tissue would be in accord with the reduced ST
elevation or TQ depression, or both, observed in patients
with acute myocardial infarction receiving glucose, insulin
and potassium (1,12,14). However, a number of questions
remain: one is the timing of the intervention. For instance,
we have previously shown that insulin administration to 48
hour infarcting tissue was detrimental (23). Therefore, it
may be that only the less severely compromised tissue is
benefited by the presence of insulin. Indeed, in these studies
our selection of cells from the ischemic boundary may have
Table 2. Response of Infarcting Tissue to Increased Potassium (K +) in the Presence and Absence of Insulin (1)
n RMP (mY) APA (mY) APD40 (rns) APD so (ms)
Control 72 ::t 6 73 ::t 8 66 ::t 24 147 ::t 47
Post K+ 9 76 ::t 11 74 ::t 27 96 ::t 41 155 ::t 51
Control 73 ::t 6 75 ::t 5 64 ::t 25 141 ::t 46
Post K+ + I 8 85 ::t 7* 95 ::t 11* 132 ::t 34* 198 ::t 27*
*p < 0.01; stansncal sigmficance of difference from control.
Infusion of increased potassium (from 4 0 to 6 0 mM K +) plus and minus 40 mVlml insulm was earned out for 30 minutes Abbreviations as 10 Table I
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been fortuitous in this regard . Although we attempted to
eliminate this bias by conducting multiple impalement stud-
ies throughout the area of infarction (Fig. 2 and 3), the
significant electrophysiologic improvements observed may
have been the result of improvements in only the less se-
verely compromised tissue. Further, it must be appreciated
that these studies were conducted under in vitro conditions
of adequate flow. Flow would have remained restricted un-
der in vivo conditions. Thus, caution must be exerted in
interpreting the results, particularly in regard to the ultimate
fate of the tissue. Improved electrophysiologic function does
not necessarily imply tissue salvage.
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